feature abundance. As a result, it has been difficult to extrapolate their saturation data to other sites to make
water actually meets the saturation frequency and duration requirements for wetland hydrology during a single site visit.
We hypothesized that rapid assessment of the fre-S oil color patterns that include low chroma or gray quency of soil saturation for specific durations may be colors are commonly used to predict where seasonal accomplished if the soil color patterns (redoximorphic saturation occurs in soils (Daniels et al., 1971; Bouma, features) were correlated with these hydrologic parame-1983; Pickering and Veneman, 1984; Buol and Rebertus, ters. Testing this hypothesis requires that a hydrologic 1988; Veneman et al., 1998) . Low chroma colors increase model first be calibrated on-site to simulate water table in abundance the longer a soil is saturated and chemilevels using rainfall as the major input variable. Once cally reduced (Vepraskas, 1999) . Daniels et al. (1971) the model is calibrated for a specific soil, long-term (e.g., used a statistical model to compute water table levels 40 yr) rainfall data could then be read into the model in a toposequence of Paleudults and Paleaquults and to compute saturation duration and frequency for each then estimated water table levels during the course of depth in the soil. By correlating the historic data on an average year. Data were collected for a 2-yr period.
saturation with the percentages of redoximorphic feaThey noted that as soils became saturated for longer tures in the soil, it should be possible to calibrate the periods the chroma of the Bt horizons decreased. Horipercentages of redoximorphic features to specific satuzons containing colors with chromas of 2 or less and ration durations and frequencies. If the statistical analyvalues of 4 or more were saturated from 10 to 50% of ses are successful, then we might be able to predict, for the year. Simonson and Boersma (1972) related faint example, that a soil having 40% redox depletions at a and distinct mottling to average durations of saturation depth of 60 cm is saturated for at least 21 d in 8 out of that were estimated for a 29-yr period. The studies of 10 yr. Once the redoximorphic features at one soil have Daniels et al. (1971) and Simonson and Boersma (1972) been calibrated in this way, they then can be used to were original, but they did not define a simple relationpredict saturation frequency and duration in similar soils ship between saturation frequency and redoximorphic where water table levels have not been measured. reported on a pilot study where this well drained), Lynchburg (somewhat poorly drained), and quency and duration for a toposequence of soils. The
Rains (poorly drained) soils in each transect. Transect 4 conspecific objectives were: (i) to compute a 40-yr record of tained an additional plot in the (very poorly drained) Pantego water with the saturation event values. Hayes and Vepraskas (2000) previously reported additional data on soil morphology at the site, and also discussed how the ditch affected soil morphology at this site.
MATERIALS AND METHODS
Water between the well screen and soil with sand. A 3-cm thick layer showing the experimental area is given in Fig. 1 . A ditch was of dry bentonite pellets was then placed on the top of the present along the western and northern perimeter of the site.
sand to seal the well from surface water inflow. A conical The ditch ranged from 1 to 2 m wide and was 0.6 to 1.5 m mound of soil was placed over the bentonite to direct surface deep. The soil toposequence at the site consisted of soils in water away from the well. To ensure that the recording wells the following series: Goldsboro (G) (fine-loamy, siliceous, suwere monitoring daily water levels accurately, a manual check bactive, thermic Aquic Paleudults), Lynchburg (L) (fine-loamy, well was installed at each plot to a depth of approximately siliceous, semiactive, thermic Aeric Paleaquults), Rains (R) (fine-loamy, siliceous, semiactive, thermic Typic Paleaquults), 127 cm below the mineral soil surface. Every 2 to 3 wk the and Pantego (P) (fine-loamy, siliceous, semiactive, thermic check wells were measured to compare with the water table Umbric Paleaquult). Experiments were conducted along four data from the recording wells. Rainfall was also measured transects which contained a total of 13 plots. These transects daily at each site using recording gauges (Onset Computer were established at increasing distances from the ditch. Each
Corp., Bourne, MA). Additional details regarding hydrologic transect consisted of three or four plots along the soil topomonitoring were reported by Hayes and Vepraskas (2000) sequence that were placed to include Goldsboro (moderately and He et al. (2002) . Soil profiles were described from pits (1.5 by 1.5 by 1.0 m) placed in each plot at the site (Fig. 1) . Each pit was approximately 10 m from the water monitoring instruments to avoid interference with a plot's hydrology. The soils were described to approximately 100 cm below the soil surface with some data having been reported earlier by Hayes and Vepraskas (2000) . Soil morphological features were estimated using standard field methods (Schoeneberger et al., 1998) . The abundance and size of redoximorphic features were estimated visually by comparing the features with proportion charts. These visual estimates were made independently by the same two individuals in all pits. The results from both individuals were averaged for each depth in each profile.
Redox Potentials and Soil pH
Five Pt electrodes were inserted at depths of 15, 30, and 60 cm in each plot to measure oxidation-reduction (redox) potential. Hayes (1998) described construction of these electrodes. Field voltage was measured weekly at each depth in each plot using an Accumet 1002 pH/mV meter from the Fisher Scientific Co. (Norcross, GA) and a Ag/AgCl, saturated KCl reference electrode from Jensen Instruments (Tacoma, WA). Salt bridges were used to connect the reference electrode to the soil (Pickering and Veneman, 1983) . All the field readings were converted to E H values (true redox potentials) by adding a temperature-dependent conversion factor to the voltages measured in the field. In the summer of every year when the redox potentials were very high all the electrodes were pulled from the field. The Pt tips were cleaned with steel wool, and the electrodes were checked for accuracy with a redox buffer and water, and working electrodes were essary to maintain five replicated electrodes at each depth.
The E H measurements were made weekly for approximately between saturation frequency and soil color, water table levels were simulated over four time periods each year (1 January 2.5 yr.
Soil pH values at depths of 15, 30, and 60 cm were also to 15 March, 16 March to 15 July, 16 July to 13 November, and 14 November to 31 December). Saturation frequency measured on soil slurries (1:1 soil/water ratio) in each plot several times from 1998 to 1999. Soil pH was determined using was determined for durations Ն21 consecutive days, in depth increments of 15 cm to a depth of 90 cm. an Accumet 1002 pH/mV meter and a glass pH electrode that were calibrated on-site.
Percentages of redoximorphic features were determined by soil horizon, and horizon boundaries did not coincide with the depth increments used for the model simulation. Therefore,
Soil Temperature
percentages of redoximorphic features were estimated in depth increments of 15 cm to a depth of 90 cm to perform Soil temperature was measured weekly with thermocouples statistical correlations. Percentages of redox depletions (with at depths of 15, 30, and 60 cm in each plot. A separate thermochromas of 2 or less and values of 4 or more) and concentracouple was used for each depth. One end of the thermocouple tions (or red mottles) were estimated for each depth increment was placed at the desired depth and the other end was exusing a weighted average approach based on the soil profile tended above the soil surface for the convenience of reading description data. For example, we assumed that the percentage temperature. The thermocouples were made using ANSI Type of redox depletions determined for a horizon applied to all TX Extension Grade Copper/Constantan 20 gauge thermodepths that the horizon spanned. When two horizons were couple wire with polyvinyl insulation (Omega Engineering, included in a single 15-cm depth increment, then the percentInc., Stamford, CT). The soil temperatures were read with an age of redox depletions used for that depth increment was a Omega Microcomputer Thermometer Model HH-71 T (Omega weighted average based on the proportion of each horizon's Engineering, Inc., Stamford, CT).
thickness in the depth increment. Statistical analyses were conducted to correlate the percentages of redox depletions
Model Calibration and Simulation
and concentrations, and saturation events using SAS statistical software (Version 7.0; SAS Institute, 1998). Saturation events DRAINMOD is a hydrologic model that simulates water within the growing season, out of the growing season and table levels in a soil plot over time (Skaggs, 1978) . Input data during a year were used in the correlation. for the simulations included precipitation, evapotranspiration, infiltration, runoff, and subsurface drainage. DRAINMOD computed a water balance on a soil pedon of unit cross-sec-
RESULTS AND DISCUSSION
tional area on a day-by-day, hour-by-hour basis. From this water balance the depth to the water table was computed and to a format compatible with DRAINMOD using a computer Soil program developed by Robbins (1988 and a probability of 5 yr in 10 ( Karnowski et al., 1974 determine whether soil temperature influenced relationships
Iron Reduction and Redox Potentials
Iron reduction must occur for low chroma colors or redox depletions to develop in a soil . Below a temperature of 5ЊC microbial activity within soils is assumed to be insignificant (Soil Survey Staff, 1999) . Soil temperatures for different soils were averaged across the transects for depths of 60 cm and are shown in Fig. 2 . Soil temperatures measured at a depth of 60 cm approximate the average daily soil temperature (Soil Survey Staff, 1999) . The average daily soil temperatures were above 5ЊC throughout the year indicating that Fe reduction could occur year round in this landscape.
The occurrence of Fe reduction was determined by saturated. An example of the redox data is shown in Fig. 3 for soil at a depth of 30 cm in Plot 2R to illustrate poorly drained Pantego soils. We initially used the value for "number of periods resent conditions found in other areas. We expect that of saturation" (Table 3) for correlation with percentages longer lag periods will be found on soils with less soluble of redoximorphic features. This was found to be unsuitorganic C, higher pH's, and steeper slopes where water able because two soil plots could both have been satuwill move faster and take longer to become reduced rated once during the period while their durations of than in flatter landscapes (Grieve, 1990) . The 21-d value saturation ranged widely. For example, Plot 2G was was used to approximate a minimum period of saturasaturated above a depth of 75 cm for as little as 25 d in tion to use for comparison with soil colors, although some years, while Plot 2R was saturated for nearly three shorter periods are clearly required near the surface times longer (Table 3) . Soil horizons that were saturated where greater amounts of soluble C typically occur.
for the longer period had more redoximorphic features.
To overcome this problem we developed another mea-
Saturation Events
sure of saturation, termed saturation event, that incorporated both the number of periods of saturation and the DRAINMOD computed the number of times a soil plot was saturated for 21 consecutive days or longer longest duration of saturation as computed by DRAIN-MOD. This variable gave more weight to longer saturaeach year above specific depths. The model also computed the longest continuous period of saturation found tion events than to shorter ones. The number of saturation events was calculated from the DRAINMOD output during the year. An example of the output from DRAINMOD is shown in Table 3 for Plots 2R and 2G as follows: 
We computed NSE values for each depth simulated in the 13 plots of the toposequence. Examples of the where NSE is the number of saturation events in a given computations are shown in Table 3 for plots in the Rains time interval, LDS is the integer of the longest duration and Goldsboro soils. The Rains Plot 2R experienced of a single period of saturation (in days) during the three saturation events in most years. On average, 2.9 period of interest, and NPS is the number of times the saturation events occurred per year over the period from soil was saturated for periods lasting 21 d or longer during the period of interest.
1958 through 1998. On the other hand, the water table rose more frequently in the Goldsboro Plot 2G, but the so regression analyses were completed separately for longest periods of saturation were shorter than those individual depths. The r 2 values (Table 5) were generally of the Rains Plot 2R. The computed saturation events Ͼ0.78 for relationships with both types of features indiin Plot 2G ranged from 1 to 3 for the 40-yr simulation cating a linear relationship existed between saturation period, and the average number of saturation events events and redoximorphic feature percentage. Correlaper year was 2.2.
tions between percentage of redox depletions and satuThe computation of NSE allowed us to summarize ration events in deeper horizons (i.e., 75 and 90 cm) saturation frequency data for durations Ն21 d. Table 4 were lower than for shallower horizons. One reason for shows the average NSEs that were computed for each this is that only saturation events lasting Ն21 d were plot. The average NSEs is the probability that the water considered. Longer durations of saturation are probably table will rise above a specific depth in a year and remain needed for Fe reduction to occur in horizons below above that depth for Ն 21 consecutive days. The average 75 cm in these soils because less soluble organic C is number of saturation events could be met with different available at depth to promote rapid Fe reduction, and frequencies and durations of saturation as shown in hence a greater production of redox depletions (Hayes Table 3 . Number of saturation events was related to both the from the surface. All correlations between percentage percentage of redox depletions and percentage of redox of redoximorphic features and saturation events within concentrations using the following regression model: the growing season, out of growing season and throughout a year were determined using the simple regres-NSE ϭ A ϫ % Redox depletions ϩ sion models:
Model parameters A and B for percentage of redox NSE ϭ Slope ϫ (%Redox concentrations) [4] depletions and percentage of redox concentrations are Data plots of relationships between redox depletion percentage and average number of saturation events Table 5 . Summary of parameters for relating average number of were generally linear but varied with depth (Fig. 4) tabulated in Table 6 . Most R 2 values were above 0.9 for regression at each depth and during each period of interest. Regression results for depths of 75 and 90 cm were improved over those found when only percentage of redox depletions was put in the model. Parameters A and B both increased with increasing depth showing that longer saturation durations were required to form comparable percentages of redoximorphic features in deeper horizons as compared with shallower horizons. sessed by looking for the depth that redox depletions occur. For example, if redox depletions are found at a depth of 45 cm in a soil, then it is assumed that the tions at a depth of 45 cm, then the soil would have an average NSE of 1 for the entire year. We predict from seasonal high water table occurs at a depth of 45 cm. While it is usually not known whether the seasonal high this that the soil at a depth of 45 cm saturates for 21 to 41 d on average about once per year. In cases where water table rises annually to the shallowest depth where redox depletions are found, soil scientists have generally soils have 5% depletions at 45 cm, the soils have an average NSE of 0.3. These soils saturate for 21 d or believed that the water table rises to that level, and stays there for a prolonged period. Estimation of the more approximately 3 yr in 10. The redox depletions in this case are not relict, they simply form during periodic duration of saturation at the depth where redox depletions are found requires long-term hydrologic data. Taevents that don't occur every year.
If time of year is important for an interpretation then bles 5 and 6 show that percentages of redoximorphic features are related to saturation data predicted from graphs can also be developed to show the likelihood of saturation occurring inside or outside of the growing hydrologic models based on historic rainfall and soil hydraulic properties. Consequently, we can estimate satseason (Fig. 5B ). Graphs such as these will allow evaluations of seasonal wetness in soils with greater precision uration frequency for fixed durations from the percentages of redoximorphic features (Fig. 5) . We caution, than present estimation techniques. With additional work that determines NSE values within 30 cm of the however, that these results are site specific and can only be applied to the Goldsboro, Lynchburg, Rains, and surface, we may even be able to estimate jurisdictional wetland hydrology from soil color patterns. Pantego soils at this site. Figure 5A shows that rather than estimate a vague Statistical models using only one variable, such as percentage of redox depletions, are easily displayed concept such as seasonal high water table, the depth and percentage of redox depletions can be used to estigraphically and are simple to use and apply in the field. Considering both the percentages of redox depletions mate both a frequency and duration of saturation. For example, if a soil were found to have 15% redox depleand redox concentrations provide better estimates of
